Background: Anti-TNF treatment may increase infection risk, although this has been difficult to study because the timing of anti-TNF treatment is driven by disease activity, which may influence infection susceptibility leading to confounding that varies over time. We evaluated the association between anti-TNF initiation in rheumatoid arthritis (RA) patients on disease modifying anti-rheumatic drugs (DMARD) and infection using multiple approaches adjusting for time-varying confounding. Methods: 383 anti-TNF-naïve RA patients on ≥1 non-biologic-DMARD at enrollment from the Brigham and Women's Rheumatoid Arthritis Sequential Study (BRASS) were followed up to two years. Pooled logistic regressions estimated the association between anti-TNF and infection by including time-varying covariates in the adjusted models and inverse probability treatment weighting (IPTW). Results: Adjustment for time-varying disease activity and other suspected confounders yielded non-statistically significant positive associations between anti-TNF start and infection regardless of analytic approach (RR mvar_adj = 2.1, 95% CI: 0.8 -5.8). Conclusions: Incorporating changing clinical status, and treatment indications and consequences, yielded consistently (though not significantly) elevated relative risks of infection associated with anti-TNF initiation. Due to limited statistical power, we cannot draw firm conclusions. However, we have illustrated multiple approaches adjusting for potential time-varying confounding in longitudinal studies and hope to replicate the approaches in larger studies.
Introduction
Until recently the treatment for rheumatoid arthritis (RA) centered on symptom management and medications to reduce inflammation, consisting of non-steroidal anti-inflammatory drugs, corticosteroids and non-biologic disease modifying anti-rheumatic drugs (DMARDs) such as hydroxychloroquine and methotrexate (MTX). Biologic agents, such as tumor necrosis factor alpha antagonists (anti-TNFs), were introduced in 1999 initially targeting patients with more severe disease and, in whom, the risks of infection with use of immunosuppressive drugs is of concern.
Bacterial and mycobacterial infections have been associated with TNF-α suppression [1] [2] [3] , but some studies found that patients with RA also have an elevated incidence of infections [4] [5] [6] [7] [8] . Disease activity and measures of severity have been associated with higher risk of infection [9] , even before the biologics era [4] . Furthermore, common immunosuppresive treatments [3, [10] [11] [12] [13] [14] have also been associated with infection [15] [16] [17] . Therefore, it is unclear whether the observed risk of infection in RA is a product of disease-related activity, pharmacologically-induced immunosuppression, common co-morbid conditions, or a combination of these factors.
Early on, anti-TNF therapies were reserved for patients with active disease, poorly controlled by non-biologic DMARD therapy. This treated population was placed on anti-TNF treatment to manage increased levels of disease activity, both factors associated with infection. By focusing on prevalent non-biologic DMARD users at enrollment, our goal was to investigate the clinicallyrelevant question of what is the risk of infection associated with introducing an anti-TNF treatment to patients with RA on background non-biologic DMARDs at study start? In addition to this, we wanted to demonstrate alternate analytic approaches to account for the potential time-varying effects of changes in treatment indication and consequences of treatment such as changing disease activity. We, therefore, evaluated the effect of anti-TNF use on the occurrence of infection in a prospective cohort study of patients with confirmed RA in the Brigham and Women's RA Sequential Study (BRASS). The hypothesis was that the addition of anti-TNF treatment to patients
Patients and Methods

Study Population
BRASS is an ongoing prospective cohort of patients with RA started in September 2003. Subjects had to be current confirmed RA patients treated at the Brigham and Women's Hospital in Boston, MA, English-speaking, at least 18 years of age, and have no diagnosis of lupus or psoriatic arthritis. Subjects provided signed, informed consent. Nearly 1000 patients with RA were recruited by May 2007. We restricted the study population to anti-TNF-naïve subjects who reported current non-biologic DMARD treatment at enrollment, did not have an infection in the prior month, and were followed for at least six months leaving 383 BRASS participants.
Data Collection
Subjects completed structured questionnaires every six months that included a disease activity instrument, the RA Disease Activity Index (RADAI) [18] and were examined by study physicians annually (Figure 1) . At enrollment and annually, blood and urine were collected and data were collected on demographic and lifestyle factors, current and past medication use, general health, function, and pain symptoms. Rheumatoid factor (RF) was measured by an immunoturbidimetric technique on the Cobas Integra 700 analyzer (Roche Diagnostics-Indianapolis, IN). Anti-cyclic citrullinated peptide antibody titer (CCP) was measured by a second generation anti-CCP ELISA assay (Inova Diagnostics, Inc.-San Diego, CA). From the patient questionnaires, medication use, co-morbid conditions, adverse events, use of complementary and alternative medicines, disease exacerbations, diet, health care utilization, and quality of life were also collected. Subjects could seek medical care from their rheumatologists and other health care providers outside of the BRASS follow-up protocol and the electronic inpatient and outpatient records were available for review for patients seen within the Partners HealthCare network.
Anti-TNF Treatment
Medication use including anti-TNF treatment was assessed at baseline and at 6, 12, 18 and 24 months. Physicians reported medication changes and reasons for changes. Subjects provided details about current medication use (dose, frequency, and duration), including etanercept, adalimumab and infliximab. There was excellent agreement between self-reported medication use and medical records in a sample of approximately 10% of the full BRASS cohort (κ = 0.8 to 0.95) [19] . For the present analysis exposure was defined as initiation of an anti-TNF drug between enrollment and the 18 month survey. Subjects were considered exposed when their first anti-TNF treatment was reported during follow-up and allowed to vary over time; to account for prolonged exposure we also evaluated the effect of current exposure while simultaneously adjusting for exposure in the previous survey period. During follow-up, however, nearly all patients remained on therapy once initiated. In a sensitivity analysis, we assumed once a subject was exposed, they were always exposed.
Documented Infection
Infections were reported by rheumatologists and subjects by survey (Figure 1) . Study physicians annually reported data on infections and drug-related toxicities occurring since the previous assessment. Questionnaire items asked about infections requiring antibiotics or intravenous therapy, as well as any infections as reason for change in therapy. Subjects were asked to self-report infections every six months during follow-up; they were specifically asked about infections requiring antibiotics. Any report of infection during the follow-up was verified by medical record review using a previously published algorithm that incorporated serologic evidence, antimicrobial treatment, and clinical and radiologic findings [20, 21] .
Other Covariates
At enrollment, we collected data on age, sex, education (college graduate vs not), race/ethnicity, co-morbidities (diabetes, alcoholism/drug abuse, COPD), cigarette smoking, and disease duration. RA-related autoantibodies were measured at baseline to assess seropositivity, which was defined as either RF > 15 or CCP > 20. Baseline presence of extra-articular manifestations was reported by each patient's treating rheumatologist and included pericarditis, pulmonary nodule and neuropathy, among others.
Time-varying factors included disease activity, as-sessed by RADAI scores collected every 6 months [18] ; high disease activity was defined as RADAI ≥ 4.9. Use of concomitant medications (corticosteroids, MTX, and other DMARDs) and frequency of physician visits was collected at each survey (baseline and during follow-up).
Results from laboratory tests were collected from the electronic medical records on white blood cell count (WBC), albumin, and hematocrit for any time during participation in BRASS. Abnormal serology was defined as WBC > 10 × 109 cells per liter, albumin < 3.7 U/L, or hematocrit < 36%.
Follow-Up
Subjects were followed until first documented infection, loss to follow-up, two years of follow-up, or end of study period (May 2007), whichever came first. The structured survey and data collection resulted in interval censored data. Subjects initiating anti-TNF therapy between their first (baseline) and second (6 months) survey periods reported exposure on the 6 month survey and were therefore classified as having exposure start at month 6 (or the second survey period). Infection outcomes were included from the next survey period to ensure temporality.
Statistical Analysis
Cohort characteristics were summarized using descriptive statistics by initiation of anti-TNF treatment during follow-up and by whether an infection was documented during follow-up. These groups were compared using t-tests, chi-square tests and Fisher's exact test as appropriate. Pooled logistic regression models were used to estimate the relative risk (odds ratios) of infection associated with use of anti-TNF exposure. Subjects were followed to the end of each survey period and classified as having an event or not at that time. Covariates in the multivariable-adjusted models were selected a priori based on their hypothesized relationship to anti-TNF initiation, other exposures and risk of infection. In multivariable-adjusted models, we included time-invariant confounders measured at baseline including sex, age, education, race/ethnicity, co-morbid conditions, disease duration and seropositivity. We modeled disease activity, concomitant medications, and physician visit frequency as time-varying covariates. Logistic regression models were used to calculate each subject's probability of remaining uncensored as a function of age, sex, disease duration, race/ethnicity, seropositivity, disease activity, MTX treatment, doctor visit frequency, and extra-articular manifestations, and conducted analyses incorporating inverse probability of censoring weights (IPCW) to account for possible loss to follow-up related to disease status [22] . Finally, inverse probability treatment weighting (IPTW) of pooled logistic regression models with robust variance to estimate 95% CI, was conducted to estimate the OR of infection [23] . We used standard methods to construct the IPW by logistic regression to include disease activity and other suspected determinants of treatment status (i.e. the time-varying confounders included in the unweighted, adjusted pooled logistic models). Time-invariant and baseline covariates were also included in the models to construct weights. Stabilized weights were calculated and their distribution examined to check for outliers and influential weights. We used simple diagnostics to identify overt violations to the positivity assumption such as examining contingency tables for zero cells and looking at the distribution of propensity of treatment and the above calculated weights. To account for potential informative censoring, IPCW were also incorporated into the stabilized weights [23] .
Results
Of 383 BRASS subjects taking non-biologic DMARDs at baseline, 66 (17%) initiated anti-TNF treatment during follow-up; initiators were more likely to be female, younger, and have been treated with corticosteroids (Table 1). There were 56 subjects with at least one documented infection during follow-up. Seven subjects had documented infections after initiating anti-TNF therapy and the remaining 49 infections were among those had not initiated anti-TNF treatment. Women, corticosteroid users, those with extra-articular manifestations, and higher disease activity at enrollment had a higher incidence of documented infection ( Table 2 ).
In the simplest models accounting for follow-up time, recent anti-TNF exposure was positively but not significantly associated with infection (RR = 2.3, 95% CI = 0.9 to 5.9) adjusting for anti-TNF exposure during the previous survey period as well. Results were similar in multivariable adjusted models adjusting for age, sex, extraarticular manifestations, corticosteroids and seropositivity (RR = 2.3, 95% CI: 0.9 to 6.0). Further adjustment for education, disease duration at baseline, race, smoking status at baseline, baseline disease activity, high MDHAQ, and presence of co-morbid conditions with potential contraindications for therapy did not materially alter the results, nor did using propensity score adjustment for multivariable adjustment. When adjusting for changing disease activity and treatment status, i.e. the time-varying confounders, the results were similar (RR = 2.1, 95% CI: 0.8, 5.8) ( Table 3) . When we applied IPCW to the above pooled logistic regression models, effect estimates and 95% CI were consistent with those obtained from IPTW models.
Most of the infections among the anti-TNF initiators occurred early; six of the seven anti-TNF exposed events occurred in the first 6 month period following anti-TNF treatment initiation.
Discussion
Using different analytic techniques to explore the association between anti-TNF treatment and documented infection in subjects with RA, we found that initiating anti-TNF therapy in subjects on non-biologic DMARDs at enrollment may increase the risk of infection although we did not have sufficient statistical power in this study with only seven infections occurring after anti-TNF initiation. However, the magnitude of our observed associations between anti-TNF exposure and infection were consistent with some previously published results [24, 25] . As we demonstrated in our analyses, the highest risk of infection associated with anti-TNF initiation was observed in the period following initiation, which suggests a higher risk is in the early period following treatment start [8, 26] . Over the past decade numerous investigators have studied the link between infection and anti-TNF medications [25] but not all studies have agreed. Differences in patient populations, outcome ascertainment and validation, follow-up, and study design may explain the differences between the studies. One ongoing discussion in this area is the prevalent vs. incident user design [26, 27] . Briefly, the debate focuses on whether it is appropriate to compare a new user of a therapy (incident user) to a curCopyright © 2012 SciRes.
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rent or ongoing user (prevalent user) because those most susceptible to the adverse reactions or outcomes of interest may no longer be included in the prevalent pool because they discontinued the medication. Those susceptible to the outcomes associated with treatment initiation, such as infection, may be depleted from the study population and those remaining exposed (prevalent users) have survived without the outcome.
The present study evaluates start of anti-TNF therapy (i.e. incident user) compared to no anti-TNF exposure, in a study population that was restricted to anti-TNF-naïve patients with RA on at least one non-biologic DMARD therapy at start of follow-up. Thus, our study addresses the clinical question: what is the risk of infection associated with initiation of anti-TNF therapy in patients on background non-biologic DMARDs? We believe that this research question is clinically relevant because prescription of anti-TNF therapy, since its introduction is common for patients with RA following non-biologic DMARDs [28] .
A number of other studies have made the comparison between initiators of an anti-TNF therapy and prevalent users of non-biologic DMARDs or specifically, methotrexate [24, 29] . Unlike some of these studies, we did not require that the non-initiators maintain their nonbiologic DMARD therapy for an extended period of time. Among both the anti-TNF initiators and non-initiators, longitudinal changes in methotrexate and corticosteroid treatment were modeled as time-varying confounders. Similar to analysis from the National Data Bank for Rheumatic Diseases, users of a treatment were compared to non-users, conditional on other therapies [30] .
Several studies before the introduction of anti-TNF medications in RA management have reported conflicting results regarding the risk of infections in RA patients. Higher infection incidence rates were found in one study of RA patients compared to subjects free of RA, suggesting that either RA or its management might be associated with infections [4, 6, 31] . These, and other similar findings, highlighted the need to consider possible bias due to changes in susceptibility to infection related to disease activity that may lead to changes in treatment choice over time. In other studies [32, 33] results from employing alternative modeling strategies have yielded significantly different results, both statistically and clinically. Choi and colleagues found a dramatically reduced mortality associated with methotrexate in RA using IPTW [32] . In this study we showed that using IPTW to adjust for time-varying confounders did not alter the results as compared to the conventional modeling approach where these potential confounders were included as time-varying covariates in the model. Whether residual confounding, power limitations, unmeasured confounders, or limited time-varying confounding in the data explain this is unknown. When the baseline confounders were added to the IPTW model to further reduce potential residual confounding, the magnitude of the association increased but was not statistically significant.
Conventional regression models with time-varying covariates in the models do not fully account for timevarying confounding; ignoring confounders may result in bias from residual confounding, but statistical adjustment may lead to other biases [23, 32, 34] . Inverse probability weighting tries to circumvent this bias by reweighting the observed population to answer our counterfactual question: "What would happen if everyone in our study population were treated as compared to if everyone were not treated?". The unweighted approach evaluated asks instead whether those who were treated were more likely to have an infection compared to those who were untreated. While the difference is subtle, it has led to different results in previous studies [33] . Similarly, the primary regression analysis here evaluated the risk of infection in those exposed to anti-TNF treatment versus those who did not receive treatment. Using the IPTW approach, we answered the question: "What is the risk of infection if everyone in our study population had been exposed to anti-TNF treatment versus if everyone had not?". The statistical method employed changes the scientific question answered, as does how the study population is defined and what comparator is used [26] . Therefore, special attention should be paid when interpreting the results of the present study into the context of what has been published.
Our study has some limitations. Despite the plethora of clinical data and patient-reported measures, we had limited follow-up of a maximum of two years for each subject, during which time only 66 patients started anti-TNF treatment, and only seven of whom also had an infection. Also, we may have missed infections treated outside of the network by another physician for which we had no documentation. We found no overt violation of the positivity assumption for the IPW method, however due to the sparsity of the data, results must be interpreted cautiously. As such we had limited statistical power and were unable to explore possible effect modification, subtypes of infection or type of anti-TNF, or investigate seropositive and seronegative RA separately. Protocol required only annual examination by physicians and semiannual reporting by the participants, possibly resulting in residual confounding by a number of potential confounders. Further we relied upon self-report of treatment, for exposure and concomitant therapies, which was previously shown to be reliable [19] .
Despite these limitations, our study explores alternative methods to address potential bias due to time-varying confounding. Incorporating changing clinical status and strong indications for treatments, and also the con-sequences of treatment, we found generally consistent results using a variety of statistical approaches. This study sought to illustrate the use of these methods to address the common analytic problem of time-varying confounding in a context familiar to clinical researchers. Although we are limited from drawing any significant conclusions from this underpowered study, we have illustrated the use of alternative statistical models that may be of use in the presence of time-varying confounding in longitudinal studies and hope to replicate the approaches herein in larger, longer term studies.
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